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TWO-DIMENSIONAL,  SUPERSONIC MIXING OF HYDROGEN 
AND A I R  NEAR A WALL 
Char l i e  L. Yates 
Applied Physics Laboratory,  The Johns  Hopkins Un ive r s i ty  
Silver Spring, Maryland 
A f u e l  i n j e c t i o n  scheme for  a i r -breathing engines  employing super-  
sonic  combust ion that  i s  p a r t i c u l a r l y  a t t r a c t i v e  a t  hypersonic  f l igh t  speeds  
i s  t o  i n j e c t  t h e  f u e l  from  the wall  p a r a l l e l  t o  t h e  a i r s t r e a m .  I n  t h e  p a s t ,  
data  have  not  been  ava i lab le  to  permi t  a comprehensive design of such a 
system on e i t h e r  a n  a n a l y t i c a l  o r  a n  e m p i r i c a l  b a s i s .  The purpose of  this  ex-  
perimental program was t o  o b t a i n  d e t a i l e d  i n f o r m a t i o n  on turbulent  mixing near  
a s o l i d  w a l l  i n  a high-speed flow with a view toward establ ishing a b a s i s  f o r  
an  ana ly t ica l  so lu t ion  of  th i s  f low problem.  
In  the  t e s t s ,  hydrogen  was in jec ted  f rom a r e c t a n g u l a r  w a l l - s l o t  a t  
Mach 1 . 1 9  p a r a l l e l  t o  a Mach 2 . 1 ,  two-dimensional  a i rs t ream such that  the 
i n i t i a l  p r e s s u r e  of both  streams was atmospheric. The s tagnat ion   tempera ture  
of t he  a i r  was ambient,  while the hydrogen stagnation temperature was e i t h e r  
ambient or 960°R, r e s u l t i n g  i n  two values  of the hydrogen-to-air  mass f l u x  
r a t i o :  0.120  and 0.088. P i t o t - p r e s s u r e ,   c o n e - s t a t i c - p r e s s u r e ,   s t a g n a t i o n  
temperature and gas sampling probe data were obtained across the flow for 
downstream  distances up t o  30 s l o t  h e i g h t s .  From these  data ,   pressure,   temper-  
a tu re ,  compos i t ion  and  ve loc i ty  p ro f i l e s  were deduced and used to  de te rmine  
c e r t a i n  c h a r a c t e r i s t i c s  of the turbulent  mixing process .  
The d a t a  show t h a t  a decrease  in  the  hydrogen- to-a i r  mass f l u x  r a t i o  
a t  a cons tan t  va lue  of  the  momentum f l u x  r a t i o  r e s u l t s  i n  i n c r e a s e d  m i x i n g ,  
which i s  exemplif ied by both the higher  growth rates of the mixing layer  
t h i cknesses  and  by the  l a rge r  decay  r a t e s  of the maxima of v e l o c i t y  and s p e c i e s  
composition. Beyond the  t ransi t ion  region,   the   mixing  layers   were  found  to  
grow n e a r l y  l i n e a r l y ,  w i t h  t h e  s p e c i e s  and energy layer thicknesses being 
n e a r l y  i d e n t i c a l  a n d  g r e a t e r  t h a n  t h e  momentum l a y e r  t h i c k n e s s .  I n  a d d i t i o n ,  
the  spec ies  composi t ion  prof i les  appeared  to  approach  a c o n d i t i o n  o f  s i m i l a r i t y  
wi th in  the  d i s t ance  cove red  by the  tests. 
INTRODUCTION 
Among t h e  p o s s i b i l i t i e s  f o r  g a s e o u s  f u e l  i n j e c t i o n  i n t o  t h e  s u p e r -  
sonic combustors of scramjet engines i s  t h a t  of i n j e c t i n g  t h e  f u e l  downstream 
and adjacent   to   the  combustor  wall (Fig.  1). The main  advantage of t h i s  
approach, compared with injection from a w a l l  a t  an  ang le  to  the  a i r  stream o r  
i n s t r e a m  i n j e c t i o n  d e v i c e s ,  i s  the  smal le r  momentum loss i n c u r r e d  w i t h  t h i s  
scheme s ince  s t rong  shock  waves can  be  la rge ly  avoided .  This  cons idera t ion  i s  
pa r t i cu la r ly  impor t an t  a t  high f l ight  speeds where the momentum added v i a  com- 
b u s t i o n  is  a r e l a t i v e l y  small p o r t i o n  o f  t h e  t o t a l  a v a i l a b l e .  On t h e  o t h e r  
hand,  the s lower mixing rate  expected for  this  geometry raises  important  ques-  
t i o n s  on the  combustor  length  requi red  for  comple te  chemica l  reac t ion  and  the  
f l o w  f i e l d  q u a l i t y  a t  t he  in l e t  t o  t he  exhaus t  nozz le .  From a more gene ra l  
viewpoint,   this  geometry,   which i s  conventionally  called  the  two-dimensional,  
t u rbu len t  wall j e t ,  i s  of p rac t i ca l  i n t e re s t  because  o f  i t s  poss ib l e  a p p l i c a -  
t i on  to  boundary  l aye r  con t ro l  and t o  f i l m  c o o l i n g .  
Seve ra l  s tud ie s  ( e .g . ,  Re f s .  1 t o  4 )  have  been made of the wall j e t  
under   the   condi t ion   o f   subsonic   in jec t ion   and   f rees t ream  ve loc i t ies .   These  
have usual ly  shown tha t  the  f low f ie ld  could  be  d iv ided  in to  two d i s t i n c t  
r eg ions :  1) the   wal l -ad jacent   o r   inner   f low  reg ion ,   in   which   the  wall i n f l u -  
ence i s  opera t ive ;  and  2 )  the  outer  f low reg ion ,  which  behaves  s imi la r  to  the  
planar   f ree   mixing  layer .   Moreover ,  i t  has  been shown t h a t  s c a l e  f a c t o r s  c a n  
be def ined for  each region of t he  f low such  tha t  t hey  exh ib i t  s e l f - s imi l a r i t y  
c h a r a c t e r i s t i c s  similar to  those  found  fo r  t he  pu re  f lows  ( i . e . ,  t he  f l a t -p l a t e  
boundary layer  and the planar ,  f ree  mixing layer) .  
Studies have been made of s u b s o n i c  i n j e c t i o n  i n t o  a supersonic  p r i -  
mary f low,  with par t icular  emphasis  on f i lm cool ing (Ref .  5) and  boundary- 
layer   cont ro l   (Ref .  6 ) .  Re la t ive ly  few studies   have  been made fo r   t he   ca se  
of supersonic  primary and  secondary  flows  (Refs. 7 and 8) .  I n   g e n e r a l ,   t h e  
s tud ies  conducted  for  the  supersonic  case  have  not  been  of g r e a t  d e t a i l  i n  
terms  of  measuring  the  complete  flow  field  character. A s  a r e s u l t ,  s u f f i c i e n t  
information was n o t  a v a i l a b l e  t o  g u i d e  a n a l y t i c a l  s o l u t i o n s  o f  t h i s  f l o w  p r o b -  
lem. The p resen t  work was undertaken  to   provide  the more d e t a i l e d  f l o w  f i e l d  
d a t a  t h a t  a r e  r e q u i r e d  f o r  a success fu l  ana ly t i ca l  t r ea tmen t .  
The p resen t  resul ts  were obtained for  hydrogen inject ion a t  Mach 
1.19 i n t o  a Mach 2 . 1  a i rs t ream. In-s t ream probe measurements  are  used to  de-  
duce the development  of  pressure,  temperature ,  concentrat ion and veloci ty  
p r o f i l e s  f o r  two cond i t ions  o f  i n j ec t an t - to -a i r s t r eam mass f l u x  r a t i o  (0.088 
and 0.120) .  From these   p ro f i l e s ,   t he re   a r e   de t e rmined   i n t eg ra l   f l ow  p rope r -  
t i e s ,  t h e  w i d t h s  of t he  tu rbu len t  t r ans fe r  l aye r s  and  the  decay  r a t e s  of 
maximum veloc i ty ,  t empera ture  and  hydrogen mass f r a c t i o n .  
The author  i s  g r a t e f u l  f o r  t h e  c o n t r i b u t i o n s  of D r .  Joseph A. Schetz ,  
Consul tant ,  who proposed the research program and offered many helpful  sugges-  
t ions   dur ing  i t s  performance. The v a l u a b l e   a s s i s t a n c e  of Mr. James M. Cameron 
in  the  exper imenta l  work is  a l so  gra te fu l ly  acknowledged .  
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NOMENCLATURE 
s l o t  h e i g h t ,  f t  
cone - s t a t i c  p robe  p res su re  coe f f i c i en t  
s h e a r  f o r c e  p e r  u n i t  area, l b f / f t 2  
s ta t ic  en tha lpy ,  Btu / lb  
s t agna t ion   en tha lpy  E h + uz/2 , Btu/ lb  
t u r b u l e n t  mass f l u x  i n  normal  direct ion,  lbm/sec-f t"  
Mach number 
molecular weight 
s t a t i c   p r e s s u r e  , l b f / f  t" 
p i   t o t - p r e s s u r e  , l b f   / f  t" 
t u r b u l e n t  h e a t  flux i n  normal  d i rec t ion ,  Btu /sec- f t "  
temperature probe recovery factor 
Reynolds number 3 pua/p 
gas  cons tan t  
temperature ,  R 






























a x i a l  v e l o c i t y ,  f t / s e c  
no rma l  ve loc i ty ,  f t / s ec  
ax ia l  d i s t a n c e  f r o m  s l o t  ex i t  plane,  f t  
dimensionless ax ia l  d i s t ance   %/a  
s p e c i e s  mole f r a c t i o n  
v e r t i c a l  d i s t a n c e  from tes t  sec t ion  upper  wal l ,  f t  
d imens ion le s s   ve r t i ca l   d i s t ance  ?/a 
d imens ionless  loca t ion  of  t ransfer  layer  
.. . 
distance  from  centerline toward sidewall 
(Y puH, Btu/sec-ft" 
mass  flux  ratio p .u . / p  u 
specific  heat  ratio 
J J  e e  
dimensionless displacement thickness iye - (pU/peUe) IdY 
dimensionless energy thickness E i [(H/He) - 11 (pu/peue)dY 
ry @ = ' J  cpdy 
0 
@+: ~ Y e  
dimensionless  momentum  thickness E sye [1 - (due> 1 (pU/peUe)dy 
viscosity, lb /ft-sec 
density, lb  /ft3 









cp = (p/peue2) + [(due) - 11  (Pu/Peue) 
(!JI 1 - h H 2  1 (W& Iw I 
species  mass  fraction 
N 
Subscripts 
C cone  probe  condition 
e  freestream  condition 
H2 hydrogen  condition 
i i-th species 
j injectant (&) condition 
S shock  condition 
t stagnation  condition 
W wall  condition 
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EXPERIMENTAL  APPARATUS AND PROCEDURE 
Test Model and F a c i l i t y  
A schematic of the two-dimensional experimental  model,  including 
important  dimensions, i s  shown i n  P i g .  2 .  The i n s t a l l e d  model is  shown i n  
Fig.  3 with  the  near -s ide  window frame removed.  The  model was f a b r i c a t e d  of 
uncoo led ,  s t a in l e s s  s teel  excep t  fo r  t he  two nozzle blocks,  which were con- 
s t r u c t e d  of n icke l  and  had  water -cool ing  passages  in  the i r  th roa t  reg ions .  
It was in tended  tha t  the  model be capable  of  withstanding the heat ing loads 
assoc ia ted  wi th  shor t -dura t ion  combust ion  tests;  hence, a heat-s ink approach 
was used  and a l l  components were heavy-walled.  Each  side-wall w a s  equipped 
with two 3- inch-d iameterY hea t - res i s tan t  windows o f  Sch l i e ren  qua l i t y  mounted 
eccent r ica l ly  in  removable  f rames  which  could  be  ro ta ted  180°, s o  t h a t  t h e  
complete length of the tes t  sec t ion  cou ld  be  obse rved  in  success ive  t e s t s .  
The contoured block of the a i r  ha l f -nozz le  was graphica l ly  des igned  by the  
method  of character is t ics  (Ref .  9) ,  assuming uniform f low a t  the  th roa t  sec- 
t i o n  and neglec t ing  boundary  layer  e f fec ts .  The design Mach number was 2.10. 
The removable injector box was equipped with a 0.265-inch-thick 
ae rogr id  p l a t e  con ta in ing  196  ho le s  on equa l - a rea  cen te r s .  Each ho le  cons i s -  
ted of a 0.055-inch-diameter x 0 .077- inch- long  cy l indr ica l  in le t  fo i lowed by 
a d ive rg ing  sec t ion  whose included  angle w a s  20'. The aerogrid,   which was 
o p e r a t e d  i n  a choked-flow condition, provided a near ly  uniform f low across  
the  in j ec to r  nozz le  ex i t  plane.  Two s t i f f e n i n g  r o d s ,  w h i c h  c a n  b e  s e e n  i n  
Fig.  3,  were provided  be tween the  sp l i t t e r  p la te  and the upper block of the 
injector   nozzle   0 .193  inch  upstream of t h e  e x i t  p l a n e .  The i n j e c t o r  d e s i g n  
Mach number ( M . )  of  1.19 w a s  chosen for  the fol lowing reasons:  
J 
1) To minimize  dis turbances a t  t h e   i n j e c t o r  l i p ,  the   p ressure  
i n  t h e  two streams were matched by p r e s e t t i n g  plenum c o n d i t i o n s  i n  
each. To avoid  pressure  communicat ion  back  to   the  respect ive  plenums,  
both streams had to  be  sonic  or  supersonic ,  i . e . ,  M .  2 1.0. 
J 
2)  I n  the  case of combustion tes t s ,  M j  should   be   kept   re la t ive ly  
low, s o  t h a t  t h e  i n j e c t a n t  s t a t i c  t e m p e r a t u r e  would no t  be  g rea t ly  r e -  
duced  ( thereby  degrading  ign i t ion  condi t ions) .  
The upper w a l l  of the t es t  s e c t i o n  was provided with 13 s t a t i c  pres-  
s u r e  t a p s ,  whose spacing var ied from - 0 .6  inch  nea r  t he  in j ec to r  ex i t  p l ane  
to  1 .0  inch  a t  a downstream distance of 8.0 inch and beyond.  Five s ta t ic  
p re s su re  t aps  were spaced  along  the  contoured a i r  nozzle   block.  Ten thermo- 
couple assemblies were spaced a t  i n t e r v a l s  of 1.0 inch or less a l o n g  t h e  t e s t  
s ec t ion  uppe r  su r face ,  3 were  loca ted  in  the  nozz le  sec t ion ,  and 3 were brazed 
t o  t h e  a i r  s i d e  o f  t h e  s p l i t t e r  p l a t e  i n  t h e  p l a n e  of t h e  s t i f f e n i n g  r o d s .  
The sheaths  of  the l a t te r  3 can  be  seen  pass ing  thru  the  in jec tor  f low area  
i n  F i g .  3 .  Thermocouples  and  pressure  taps were a l s o  l o c a t e d  i n  t h e  a i r  plenum 
and be low the  aerogr id  in  the  in jec tor  plenum. 
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The experiments were conducted a t  t he  APL Propulsion Research Labor- 
a t o r y .  Compressed a i r ,  which was f i l t e r e d  and  dr ied ,  was s t o r e d  i n  t o r p e d o  
f l a s k s  a t  2000 p s i .  The a i r  was s u p p l i e d  t o  t h e  tes t  area through  remotely 
operated valves .  The hydrogen was suppl ied  through remote ly  cont ro l led  va lves  
from a tank t ra i le r .  Hydrogen hea t ing  was provided  by a n i c k e l  t u b e  t h a t  was 
r e s i s t ance -hea ted .  The 384-inch-longY  0,500-inch I . D .  x 0.312-inch-wall, 
thermal ly  insu la ted  tube  ac ted  as a r e s i s t a n c e  e l e m e n t  i n  a D.C. c i r c u i t .  
This  hea te r  was o p e r a t e d  i n  a blowdown mode. The exhaust  from  the  model was 
discharged through a steam ejec tor  exhaus t  sys tem.  
Flow F i e l d  I n s t r u m e n t a t i o n  
The in - s t r eam ins t rumen ta t ion  (F igs .  3 and  4)  cons is ted  of seven- 
point  pi tot-pressure,  s tagnat ion-temperature  and gas-sampling rakes,  whose 
probe t i p s  were  spaced a t  0 .203 inch center- to-center ,  and a f ive-poin t  cone-  
s t a t i c -p res su re  r ake  wi th  a probe spacing of  0 .281 inch ( the eight-point  
p i to t -p re s su re  r ake  shown i n  F i g .  4 was used i n  t h e  i n i t i a l  p a r t  of the pro- 
gram). A l l  p robes   were   cons t ruc ted   o f   s ta in less  s tee l .  The p i t o t - p r e s s u r e  
probes were fabricated of  0.065-inch O.D. x 0 .009- inch-wal l  s t ra ight  tub ing .  
The same s i ze  tub ing  was used for the gas sampling probes; however,  the probe 
t i p s  were  spun a t  a 15' h a l f - a n g l e  t o  g i v e  a 0.015-inch inlet  diameter ,  which 
r e s u l t e d  i n  a n  i n t e r n a l  e x p a n s i o n  a r e a  r a t i o  o f  9 . 8 : l .  The s t a g n a t i o n  tem- 
pera ture  probes  cons is ted  of  chromel-alumel  thermocouples i n  a 0.102-inch 
O.D.  x 0.020-inch-wall  tube. The tube t i p s  were  spun a t  a 15' h a l f - a n g l e   t o  
an  inlet   diameter  of  0.030  inch.  Four  O.O08-inch-diametery  equally-spaced 
bleed holes  were dr i l led around the probe circumference in  a plane 0.062 inch  
a f t  of the  thermocouple  junction. The 0.125-inch-O.D.,   cone-static-pressure 
probes  had 15' half-angle  t ips.   Four  O.O15-inch-diametery  equally-spaced 
pressure  por t s  were  loca ted  0 .170  inch  f rom the  t ip  and f e d  t o  i n d i v i d u a l  
pressure   ins t ruments .  The probe  rakes were o p e r a t e d  i n  p a i r s ,  w i t h  t h e  two 
pressure  rakes   being  used  together .  The two rakes  were mounted  0.72 i n c h  t o  
each  s ide  of t h e  t e s t  s e c t i o n  c e n t e r l i n e  ( E  = "0 .72 ,  -0 .72)  such  tha t  the i r  
t i p s  were i n   t h e  game 7, plane. They could  be moved manually,  0.34  inch 
i n  t h e  v e r t i c a l  ( y ) d i r e c t i o n  and  8.0  inches i n  t h e  a x i a l  ( x )  d i r e c t i o n .  I n  
t h e  i n i t i a l  t e s t s ,  t h e  p r o b e  b l o c k a g e  was s u f f i c i e n t l y  l a r g e  t o  p r o d u c e  a 
standoff  shock. To avoid  this   problem,  t ransverse  holes  were d r i l l e d  i n  t h e  
rake bodies  (Fig.  4 )  to  b leed  the  h igh  pressure  f ie ld  be tween the  probes  to  
the  lower  pressure  outboard  region. With the   ho les   p resent ,   no   s tandoff  
shock was observed. 
The pressure  t ransducers  and  thermocouple  output  signals  were  stored 
on magnetic tape by a d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  w h i c h  r e c o r d s  a t  t h e  r a t e  
of  50  channels  per  second,  and some channels were simultaneously recorded on 
s t r i p - c h a r t  r e c o r d e r s .  The gas   samples   were   co l lec ted   in   evacuated   bo t t les  
which  were  valved  for  remote  operation.  Subsequent  to a t e s t ,   t he   s amples  
were  analyzed on a gas  chromatograph.  Several  improvements i n   t he   gas   ch ro -  
matography  equipment  and  techniques  were made during  this  program  (Ref.   10).  
Test  Procedure 
The t e s t s  were conducted  from a remote  control  area. The a i r  flow 
was i n i t i a l l y  set  such  tha t  the  a i r  n o z z l e  s t a t i c  p r e s s u r e  was a tmospher ic  in  
the  p l ane  o f  t he  in j ec to r  ex i t .  The f a c i l i t y  e x h a u s t e r  was t h e n  s t a r t e d ,  a f t e r  
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which the hydrogen flow was e s t a b l i s h e d  a t  a level r equ i r ed  to  g ive  a tmosphe r i c  
s ta t ic  p res su re  a t  t h e  i n j e c t o r  ex i t .  Data were t aken  fo r  a period of  10  seconds, 
which was t h e  minimum t i m e  r e q u i r e d  t o  o b t a i n  s u f f i c i e n t l y  l a r g e  g a s  s a m p l e s .  I n  
tests where heated hydrogen was used ,  t he  hea te r  was p rehea ted  to  l l O O O R ,  which 
was s u f f i c i e n t  t o  h e a t  t h e  s u p p l y  l i n e s  a n d  s t i l l  permit a maximum temperature of 
1050'R t o  b e  a t t a i n e d  i n  t h e  i n j e c t o r  plenum. Data were taken  dur ing  the  time 
t h a t  t h e  i n j r x t o r  plenum temperature decreased from 1010 t o  910°R, a period of 
10  seconds.   After a t e s t ,  t he  p robe  type  and /o r  pos i t i on  was changed,  and  the 
procedure was repeated.  
EXPERIMENTAL  RESULTS 
Measured Data 
Test Conditions - Table I shows t h e  t e s t  c o n d i t i o n s  employed  and t h e  
legend used  to  p lo t  the  da ta  in  subsequent  f igures .  The a i r  and  hydrogen Mach 
numbers were 2.10  and  1.19,  respectively,  throughout  he  program. A i r  plenum 
cond i t ions   were   he ld   e s sen t i a l ly   cons t an t  a t  Tte = ambient  and p t e  = 135 p s i a .  
V a r i a t i o n s  i n  Tt  of 72'R r e f l e c t  d a i l y  and  seasonal  temperature  changes  ( the 
da ta   were   co l lec ted   over  a one year   per iod) ,   whi le   the  2 2 p s i  f l u c t u a t i o n  
i n  pte was the  degree of t e s t   r e p e a t a b i l i t y .  The hydrogen  plenum  pressure, 
e 
P t j ,  was nominally 35.5 p s i a ;  however ,  f luc tua t ions  of a s  much a s  2 1.5 p s i  
were  accepted  in  order  to  decrease  the  time r e q u i r e d  f o r  more exact f low rate  
s e t t i n g s  and  thereby  conserve  the  hydrogen  supply. The only  planned  change i n  
t e s t  c o n d i t i o n s  was appl ied  to  the  hydrogen  plenum temperature,  T t J ,  for  which 
two values   were  tes ted:   ambient  (560' _+ 25'R) and 960'R. Aga in ,   a i l y  and 
seasonal  var ia t ions  a re  seen  in  the  ambient  tempera ture ,  which  was u s u a l l y  20 
t o  30'R higher   than  T t e  due t o   d i f f e r e n t   s t o r a g e   e n v i r o n m e n t s .  For the   ho t  
hydrogen  case,  T t j  i s  a t ime-averaged   tes t   condi t ion   ( see   Tes t   Procedure) .  
The exper iments   were   conducted   in   th ree   se r ies  as fo l lows :   Se r i e s  1: 
T t j  = ambient, x = 2 t o   7 ;   S e r i e s  2 :  T t j  = ambient, x = 10 t o   3 0 ;  and 
S e r i e s   3 ,  T t  = 96OoR, x = 10 t o  30.  (Here x 3 %/a, where X i s  a x i a l   d i s -  
tance  from t i e  s l o t   e x i t   p l a n e ,  and a i s  s lo t   he ight ,   7 /32   inch . )   Data  were 
t aken   fo r   va lues  of y = 0 t o  6 (y  /a,  where 7 i s  v e r t i c a l   d i s t a n c e  from 
the  upper  wal l ) .  The o rde r  of run numbers i n  T a b l e  I i s  explained by t h e  f a c t  
t h a t  S e r i e s  2 w a s  ac tua l ly  conduc ted  p r io r  t o  Se r i e s  1. I n  o r d e r  t o  i d e n t i f y  
the  da t a  in  subsequen t  f igu res ,  t he  in fo rma t ion  con ta ined  in  Tab le  I has been 
used t o  d e f i n e  a v e r a g e  test cond i t ions  fo r  each  of the above series,  and these 
cond i t ions  are l i s t e d  i n  T a b l e  I1 t oge the r  w i th  some i d e a l ,  i n i t i a l  f l o w  p r o p -  
er t ies  t h a t  w i l l  b e  u s e f u l  i n  f u t u r e  d i s c u s s i o n s .  The parameter  chosen to  
i d e n t i f y   t h e   d a t a  i s  B pjuj/geue,  which is  - 0.120 for  ambient  temper- 
a t u r e  and 0.088 f o r  T t  = 960 R. 
j 
S c h l i e r e n  P i c t u r e s  - A l imi t ed  number of Schl ieren photographs was 
taken  for  the  purpose  of s t u d y i n g  q u a l i t a t i v e  f e a t u r e s  o f  t h e  f l o w  f i e l d .  
Figure 5 shows a typical   photograph,which was t a k e n  f o r  B = 0.120  (the  probe 
t i p s  are loca ted  a t  x = 10) .  The p o r t i o n  of the  mixing  . reg ion  in  which  la rge  
g r a d i e n t s  i n  t h e  f l o w  o c c u r  i s  c l e a r l y  d i s c e r n i b l e .  The f i n i t e  t h i c k n e s s  o f  
t h e  s p l i t t e r  p l a t e  c a u s e s  a d i s tu rbance  in  the  f low f i e ld ,  even  though  the  
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pres su res  are equa l  a t  the  po in t  o f  i n j ec t ion .  One a l s o  sees evidence of d i s -  
t u rbances  wi th in  the  a i r  nozzle  that  apparent ly  inf luenced the downstream f low 
development.  These  disturbances are caused by a no rma l  g rad ien t  i n  Mach number 
a t  the  nozz le  th roa t  i n l e t  b rough t  abou t  by t h e  small r a d i u s  o f  c u r v a t u r e  i n  
t h a t  r e g i o n  ( r e f e r  t o  F i g .  2 ) .  (A un i fo rm f low in  the  th roa t  r eg ion  was assumed 
i n  t h e  n o z z l e  d e s i g n  c a l c u l a t i o n s . )  
P i t o t -  and Cone-Static-Pressure Data - Figure 6 shows p i t o t - p r e s s u r e  
d a t a  f o r  e a c h  of t h r e e  B ' s .  For  each x, d a t a  were t a k e n  f o r  3 v e r t i c a l  l o c a t i o n s  
of   the   p ressure   rake .  The p r e s s u r e   s c a l e s   f o r   v a r i o u s   x ' s   a r e   d i s p l a c e d   f o r  
the   sake  of c l a r i t y .  S i g n i f i c a n t  time-wise pressure   f luc tua t ions   were   observed  
i n  t h e  h i g h  g r a d i e n t  r e g i o n  of t he  f low,  and  they  a re  ind ica t ed  in  F ig .  6 by t h e  
da ta  bracke ts  which  show t h e  maximum e x t e n t  of t he  f luc tua t ions  and  the  time- 
averaged  pressure.  The p r e s s u r e  d a t a  s i g n a l s  were sampled  once  every  2.25  sec, 
and e i t h e r  4 o r  5 d a t a  p o i n t s  p e r  t es t  c o n d i t i o n  were made.  The average value 
w a s  obtained by assuming a l i n e a r ,  time-wise var ia t ion  be tween poin ts .  
The r e l a t i v e l y  l o n g  t i m e  between points  and their  small number make 
i t  p o s s i b l e  t h a t  n e i t h e r  t h e  e x t e n t s  of f luc tua t ion  nor  the  t ime-averaged  va lues  
of p i to t   p re s su re   were   p rec i se ly   de t e rmined ,   pa r t i cu la r ly   fo r  e = 0.088 (Fig.  6c), 
where both the f luctuat ions and the region of  unsteady pressure are r e l a t i v e l y  
large.   Therefore,   personal  judgement was used in   def in ing   t ime-averaged   pressure  
prof i les  over  the  uns teady  reg ion  by drawing smooth curves within the limits of 
f luc tua t ions  but  no t  necessar i ly  through the  ind iv idua l  t ime-averaged  da ta  poin ts .  
The nonuni formi ty  in  these  prof i les  ou ts ide  the  mixing  reg ion  g ives  ev idence  
of  f low f ie ld  d is turbances ;  moreover ,  p ressure  f luc tua t ions  a re  observed  a t  
some p o i n t s  of t he  unmixed flow.  Apparently i n  some c a s e s  t h e s e  d i s t u r b a n c e s  
occurred  near  the  outer  edge  of  the  mixing  reg ion ,  which  fur ther  compl ica ted  
the  task  of  def in ing  t ime-averaged  prof i les  and  led  to  some u n c e r t a i n t y  i n  
the   def in i t ion   o f   the   edges   o f   the   t ranspor t   l ayers .  The cone - s t a t i c -p res -  
s u r e  d a t a  i n  F i g .  7 ,  u n l i k e  t h e  p i t o t - p r e s s u r e  d a t a  o f  F i g .  6 ,  do not show 
the exis tence of  unsteadiness  in  the f low.  
Gas Sample  Data - The gas sample data shown i n  F i g .  8 inc lude  only  
t h o s e   p o i n t s   t h a t   i n d i c a t e d  a t  least  a trace  of  hydrogen. Some of t h e  s c a t t e r  
i n  t h e s e  data  i s  a t t r i b u t e d  t o  small l e a k s  i n  t h e  s a m p l e  c o l l e c t i o n  s y s t e m  
which could have occurred during the t i m e  between sample col lect ion and sample 
a n a l y s i s .  It  i s  b e l i e v e d  t h a t  t h e  p r e f e r e n t i a l  e f f u s i o n  o f  hydrogen  due t o  
i t s  low molecu la r  we igh t  r e su l t ed  in  e r roneous ly  low hydrogen concentrat ions.  
Accordingly,  the curves in  Fig.  8 were drawn through the points which show t h e  
highest   percentage of  hydrogen. Even s o ,  i t  was necessary  to   repea:  many tes ts  
before  the  curves  could  be  reasonably  def ined ,  espec ia l ly  wi th  the  hea ted  hydro-  
gen ($ = 0.088) , and some data  points  were discarded (not  shown).  
Stagnation Tempereture Data - Useful  s tagnat ion temperature  data  were 
obtained  only  for   the  case of B = 0.088, where T t .  was c o n t r o l l e d ,  and the  
r e s u l t s   a r e  shown i n   F i g .  9 .  Two da ta   po in t s   showdfor  x = 30, y < 1 were 
no t   u sed   t o   de f ine   t he   cu rve   fo r  x = 30 s ince   they   were   incons is ten t   wi th  
o the r  po in t s  t aken  in  the  same reg ion  and  the i r  use  in  subsequent  ca lcu la t ions  
r e s u l t e d  i n  u n r e a l i s t i c  f l o w  p r o p e r t y  p r o f i l e s .  It i s  b e l i e v e d  t h a t  a f a u l t y  
thermocouple junction caused the low readings ( the three uppermost  data  points  
a t  x = 30 were a l l  measured  with  the same thermocouple). I n   t h e   o t h e r   c a s e s  
with unheated hydrogen (and a i r ) ,  t h e  r u n - t o - r u n  v a r i a t i o n s  i n  s t a g n a t i o n  t e m -  
pe ra tu re s  were of t he  same magnitude as the  tempera ture  var ia t ions  across  the  
f l o w  f i e l d .  
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Hence, i t  was no t  poss ib l e  to  de f ine  mean ingfu l  p ro f i l e s .  In  these  cases , t he  
s t a g n a t i o n  tempera ture  was assumed constant  throughout  the f low for  the purpose 
of da ta  ana lys i s .  This  cons tan t  tempera ture  was taken as an  a r i t hme t i c  ave rage  
of T and Tt  , and i s  l i s t e d  i n  Table I1 as Tt. An ar i thmet ic   average  
temperature was favored over ,  say,  a mass-averaged value since the former led 
t o  more accu ra t e   ca l cu la t ions   o f  Hz mass f l u x  f o r  t h e  r e l a t i v e l y  small down- 
stream d i s t a n c e s  (x 5 30) over  which  data  were  taken. (The s i g n i f i c a n c e  o f  a n  
accu ra t e  & mass determinat ion i s  discussed i n  R e l i a b i l i t y  of Resu l t s . )  The 
mass-averaged temperature, which would essentially equal T t e  9 would obviously 
be more appropr ia te  for  la rge  downst ream dis tances .  
t j  e 
Hydrogen Slo t  Ca1 , ibra t ion  - I n  some tests , the hydrogen flow rate was 
measured  with a c a l i b r a t e d  m e t e r i n g  v e n t u r i .  From these  tes ts ,  i t  was poss ib l e  
t o  c a l c u l a t e  t h e  e f f e c t i v e  t h r o a t  a r e a  of t he  hydrogen  s lo t ,  t he  r e su l t  be ing  a 
discharge coeff ic ient  of  0 .90.  This  value was used  to  ca lcu la te  hydrogen  f low 
r a t e  i n  a l l  o t h e r  t e s t s  u s i n g  t h e  measured  plenum condi t ions and the known 
son ic  f low re l a t ionsh ips .  
Deduced Flow F i e l d  P r o p e r t i e s  
The s t a t i c  p r e s s u r e ,  s t a t i c  t e m p e r a t u r e ,  a n d  v e l o c i t y  p r o f i l e s  shown 
i n  F i g s .  10-12 were calculated from the curves drawn in  F igs .  6 -9 ,  r e spec t ive ly ,  
based on increments  of y = 0 .25   o r   l e s s ,  as descr ibed  in   the  Appendix.  B e -  
cause the shocks from adjacent cone probes would f a l l  on or ahead of the cone 
su r face  p re s su re  t aps  a t  M 5 1.36 , t he  s t a t i c  p re s su res  had  to  be  e s t ima ted  fo r  
M 5 1.36. The e s t ima ted  va lues ,  i nd ica t ed  by c rossha tch ing  in  F ig .  10 ,  were 
based on the  following c r i te r ia :  1)   the   va lue   and   grad ien t  of the  deduced 
p res su re   a t   t he   uppe r  l i m i t  of y (M = 1.36)   cont ro l led   the   ex tens ion  of the 
p r o f i l e   i n t o   t h e   r e g i o n  of sma l l e r   y ,   un le s s   t h i s   p rocedure  w a s  negated by 
o the r   cons ide ra t ions ;   2 )  a t  y = 0 ,  t he   p re s su re  was se t   equa l   to   the   measured  
w a l l  va lue ,   wi th   ap /ay  = 0 near   the   wal l ,   in   accord   wi th   boundary   l ayer   theory ;  
and  3) f o r   i n t e r m e d i a t e   v a l u e s  of y ,   t he   e s t ima t ion  was somewhat a r b i t r a r y  
except  for  the  res t r ic t ions  of  an  upper  l i m i t  on pressure imposed  by the  meas- 
u red  p i to t  p re s su re ,  and  a lower l i m i t  imposed by the  lowes t  poss ib l e  r a t io  of 
s t a t i c - to -p i to t   p re s su re   t ha t   co r re sponded   t o  M 5 1.36. (The v a l i d i t y   o f   t h i s  
procedure i s  d i s c u s s e d  i n  R e l i a b i l i t y  of Resu l t s . )  
The deduced s t a t i c  t empera tu re  p ro f i l e s  fo r  t he  hea ted  hydrogen  case  
(B = 0.088) i n  F i g .  11 show t h e  c o o l i n g  e f f e c t  of the massive wall ,  e s p e c i a l l y  
a t  x = 30. I t  i s  i n t e r e s t i n g   t h a t   t h e   v e l o c i t y   p r o f i l e  a t  x = 2 i n   F i g .  12a 
shows the  wake- l ike  charac te r  of the f low generated by t h e  f i n i t e  t h i c k n e s s  of 
t h e  s p l i t t e r  p l a t e .  It i s  a l s o  n o t e d  t h a t  t h e  f l o w  p r o p e r t y  p r o f i l e s  d o  n o t  
become e q u a l  t o  t h e i r  f r e e s t r e a m v a l u e s  i n  a regular manner,  a f a c t  t h a t  w i l l  
e v e n t u a l l y  b e  r e l a t e d  t o  f l o w - f i e l d  d i s t u r b a n c e s .  
D I S C U S S I O N  OF  RESULTS 
R e l i a b i l i t y  cf Resul ts  
A s e n s i t i v e  tes t  of t h e  g e n e r a l  v a l i d i t y  of the experimental  measure- 
ments  and the foregoing deduced f low property prof i les  in  those regions where 
hydrogen i s  p resen t  i s  e s t a b l i s h e d   b y   i n t e g r a t i n g   t h e  I& mass f l u x  d i s t r i -  
bu t ions  of Fig.  13 and comparing the results with the independently measured 
Hz f low  r a t e s .  The in tegra t ions   f rom  F ig .   13  were done with a planimeter ,  
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and   t he   r e su l t s  are shown on   the   f igure .   For  x 2 7 ,  the  deduced  flow 
rates agree with the measured values  t o  w i t h i n  _+ lo%,  which i s  considered 
q u i t e  good. The d i f f e r e n c e s  a t  x < 7 were 1. 19%. I n  g e n e r a l ,   t h e   d i f f e r -  
ences  can  be  re la ted  t o  t h e  f o l l o w i n g  e f f e c t s ,  some of  which are p a r t i c u l a r l y  
important a t  small x: 
1 )  t h e  n e c e s s i t y  t o  e s t i m a t e  s t a t i c  p r e s s u r e  o v e r  a r e l a t i v e l y  
la rge  por t ion  of  the  reg ion  in  which  hydrogen  i s  p r e s e n t  ( t h i s  e f f e c t  
does  not   account   for   the  high  f lows  deduced  for  x = 2 and 7 ,  s i n c e  
in  those  cases  the  lowes t  poss ib l e  p re s su re  cons i s t en t  w i th  the  p re s -  
s u r e  d a t a  was assumed  over  most  of t h e  s u b j e c t  r e g i o n ) ;  
2)  t he   l ack   o f   de t a i l ed  knowledge  of   the  temperature   f ie ld   for  
cases where unheated hydrogen was used, which introduced some e r r o r  
i n   t h e   r e s u l t s ,   e s p e c i a l l y  a t  smal l   x ,  where there   occur red   the  
la rges t  d i f fe rences  be tween the  ac tua l  s tagnat ion  tempera ture  and  
the  average  va lue  used  in  the  ca lcu la t ions ;  
3 )   t h e   r e l a t i v e l y   l a r g e   e r r o r s   i n   l o c a l  mass f l u x  due t o   s m a l l  
e r r o r s  i n  t h e  measured  hydrogen  mole f r a c t i o n  t h a t  c o u l d  p o s s i b l y  
occur  in  regions where the mole f r a c t i o n  was high (- 0.9) ; and 
4 )   depa r tu re  of t h e  v e l o c i t y  f i e l d  f rom  one-d i rec t iona l i ty .  
A t  sma l l  x ,  t he  th i rd  of the   above   e f fec ts  was probably  the most s i g n i f i c a n t .  
For  example,  for x = 2 and y = 1, the   fo l lowing   cond i t ions   l ead   t o  a mass 
f l u x  of   20.5  lb/sec-f t" :  p = 16.5   ps ia ,   p t '  = 32.6   ps ia ,  Tt = 543'R and 
X& = 0.947. I f  t h e   l a t t e r   c o n d i t i o n s ,   e x c l u d i n g  p t ' ,  a r e   s u c c e s s i v e l y  
var ied ,   the   fo l lowing  resu l t s  a re   ob ta ined:  1) a 30% d e c r e a s e   i n  p t o   11 .5  
psia ,   which  gives  a pe rmis s ib l e  M of  1.337,  gives a 4 .9%  decrease  in   hydrogen 
mass f l u x ;  2) a 2.8% i n c r e a s e   i n  Tt  t o  558'R, which was the  average  hydrogen 
plenum temperature ,  gives  a 1.3% decrease in  mass f l u x ;  and  3) a 1.1% decrease 
i n  X& t o  0.937 g ives  a 4 .7%  decrease   in  mass f l u x .  
S ign i f i cance  of Resul ts  
Some i n t e r e s t i n g  a s p e c t s  of the experimental  resu l t s  l i e  i n  t h e  b e -  
havior  of c e r t a i n  g r o s s  f e a t u r e s  of the  f low f ie ld  such  as i t s  in t eg ra l  p rop -  
e r t i e s ,  t h e  a b s o l u t e  a n d  r e l a t i v e  g r o w t h  r a t e s  of t h e  t r a n s f e r  l a y e r s  f o r  
s p e c i e s ,  h e a t  and momentum, the  decay rates of maximum v e l o c i t y ,  t e n p e r a t u r e  
and  hydrogen mass f r a c t i o n ,  and the dependence of  these var ious propert ies  on 
i n i t i a l  f l o w  c o n d i t i o n s .  I n  o r d e r  t o  d e t e r m i n e  t h e  e d g e s  of t h e  t r a n s f e r  
l a y e r s ,  i t  i s  important   that   the   proper   f low  propert ies   be  examined.   For   ex-  
ample,  the  edge  of  the  turbulence-produced momentum t r a n s f e r  l a y e r  i s  not 
su f f i c i en t ly  de t e rmined  by the edge of t h e  v e l o c i t y  l a y e r ,  s i n c e  t h e  v e l o c i t y  
f i e l d  c a n  a l s o  b e  a f f e c t e d  by p res su re  g rad ien t s  and compress ib i l i t y .  The 
correct  approach must be based on an application of t he  mean f low conserva t ion  
equat ions.   For   this   purpose,  i t  i s  assumed tha t   u se  of the  boundary-layer 
approximat ion  to  the  s teady-s ta te  conserva t ion  equat ions  (Ref .  11)  i s  v a l i d ,  
with  the  except ion  that   the   normal   pressure i s  not   neglected.  The p a r t i c u l a r  
forms of the mean f low equat ions  tha t  are used i n  t h i s  d i s c u s s i o n  are as 
fol lows:  
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Momentum 
a(pU2)/ax + a(pvu) /ay = - ap/ax - aT/ay  
The s implif ied form of the energy equat ion i s  for  f lows with laminar  and tur-  
bu len t   Prandt l   and  Lewis  numbers equal   to   one.   Al though  these  condi t ions  do 
n o t  i n  g e n e r a l  e x i s t  f o r  t h e  p r e s e n t  r e s u l t s ,  t h e  s i m p l i c i t y  i n t r o d u c e d  by 
t h e s e  r e s t r i c t i o n s  i s  considered to  be warranted in  view of the  overa l l  accu-  
racy of  measurements  and  the  presumably small e f f e c t  on the  overa l l  conc lus ions .  
The spec ie s  mass f l u x  j i ,  h e a t   f l u x  q and s h e a r   s t r e s s  T , a l l  of  which i n  
genera l  inc lude  both  molecular  and  turbulen t  cont r ibu t ions ,  are assumed t o  b e  
dominated by t u r b u l e n t  t r a n s p o r t .  I n  g e n e r a l ,  t h e  e d g e s  of t h e  s p e c i e s  , 
energy  and momentum t r a n s f e r  l a y e r s  are ,  r e spec t ive ly ,  de f ined  a s  the  minimum 
values  of y a t  and  beyond  which j i ,  q and T and t h e i r   y - d e r i v a t i v e s  
v a n i s h .   I n   i n i t i a l   t r e a t m e n t s   o f   t h e   p r e s e n t   d a t a ,  i t  was assumed t h a t   t h e  
normal   veloci ty  component v was negl igible   throughout   he  f low,   in   which 
case  Eqs. (2)  t o  ( 4 )  reduce  to   the  fol lowing forms f o r  p a r t s  of t he   f l ow  a t  
the edge and outs ide the t ransfer  regions:  
Species  
a ( p u  q / a X  = o 
a(pUH) /ax = o 
Energy 
Moment um 
a ( p  + pu2)/ax = o 
Equations (5) t o  (7 )  a l l  have  the  form,  aS/ax = 0 ,  where 5 i s  a p a r t i c u l a r  
f low  property.  They show tha t  the  procedure  to  be  used  in  def in ing  the  t rans-  
f e r   l a y e r   e d g e   a t  a p a r t i c u l a r  x i s  to   de te rmine   the   va lue  of y a t  which 
equals  i t s  i n i t i a l  v a l u e  and  beyond  which  a5/ax = 0. However, t h i s   p ro -  
cedure was found unsa t i s fac tory ,  one  reason  be ing  the  ex is tence  of a s i z a b l e  
normal  ve loc i ty ,  which  can  be  impl ied  qua l i ta t ive ly  f rom the  resu l t s  as 
follows.  Equation (1) can  be  integrated  between y = 0 and y = c o n s t a n t   t o  
give 
Equation (8) expresses  the  normalized  (by p u = cons tan t )  , normal mass f l u x  e e  
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a c r o s s  a p a r t i c u l a r  h o r i z o n t a l  p l a n e  i n  terms o f  t h e  l o c a l ,  axial  g rad ien t  of 
an   in tegra l   p roper ty ,   which   has   been   def ined  as A*(x,y).  Moreover, the  equa- 
t i on   p rov ides  a means  of de te rmining   loca l  streamline d e f l e c t i o n .  I d e a l l y ,  t h e  
i n t e g r a n d  i n  Eq. (8) would b e  e s s e n t i a l l y  e q u a l  t o  z e r o  f o r  v a l u e s  of y g r e a t e r  
t han   t he   t h i ckness   o f   t he   mix ing   r eg ion .   In   t h i s  case, A* f o r  a given x would 
approach a c o n s t a n t  v a l u e  t h a t  i s  convent iona l ly  def ined  as the (nondimensional) 
displacement  hickness,   &*(x).  The va lues  of A;k i n   F i g .  14 were obtained  from 
t h e   d a t a  by g raph ica l   i n t eg ra t ion   f rom y = 0 t o  y = 5.75  using a planimeter.  
It w i l l  be  es tab l i shed  la ter  tha t  the  th ickness  of  the  mixing  layer  never  ex-  
ceeded y = 5.75 f o r   t h e   r e g i o n   i n   w h i c h   d a t a  were taken;  hence,  A* would  be 
expec ted   to   have   reached   an   essent ia l ly   cons tan t   va lue  by y = 5.75.  Figure  14a 
shows t h a t ,  f o r  B = 0.120: t h i s  r e s u l t  was r e a l i z e d  f o r  x 5 2 0 ,  b u t  n o t  a t  
x = 30.  The r e s u l t  w a s  n o t   r e a l i z e d  a t  a l l  f o r  t h e  f3 = 0.088 case (Fig.   14b).  
Wi th   r ega rd   t o   t he   ac tua l   de t e rmina t ion  of v ,   t h e   p r o f i l e s   f o r  A* 
a r e   n o t   f o r   s u f f i c i e n t l y  small increments of x t o   p e r m i t   d i f f e r e n t i a t i o n ;  
n e v e r t h e l e s s ,  some q u a l i t a t i v e  r e s u l t s  c a n  b e  o b t a i n e d  by c o n s i d e r i n g  d i f f e r -  
ences  between  the  profiles.   For  example,   values  of A+ i n   t h e   r e g i o n  y = 0 
t o  - 1 are nearly  independent  of x,  imply ing   tha t   the   f low i s  nea r ly  para l le l  
t o  t h e  wal l .  Furthermore,   the   thickness  of t h i s  p a r a l l e l  f l o w  r e g i o n  grows a s  
x i n c r e a s e s .  On the   o ther   hand ,  v has   bo th   pos i t ive   and   nega t ive   va lues   ou t -  
s ide   t he   pa ra l l e l   f l ow  r eg ion .   Fo r   example ,   t he   p ro f i l e s   fo r  B = 0.120 a t  
x = 0 and 2 show t h a t  aA*/ax (and,  hence,  v) i s  p o s i t i v e  (downward) f o r  y 1 
t o  2.3 bu t  i s  n e g a t i v e   f o r  y > 2.3.  For x between 2 and 4 ,  v becomes pos- 
i t i v e   f o r  a l l  values   of  y beyond t h e   p a r a l l e l  flow region.  However, f o r  x 
between 4 and 7 ,  t he re  aga in  appea r  bo th  pos i t i ve  (y  2 1 . 5  t o  3 )  and negat ive 
(y > 3 )  v. For x > 10, v i s  a p p a r e n t l y   p o s i t i v e   f o r  a l l  y o u t s i d e   t h e  
p a r a l l e l   r e g i o n .   T h i s  las t  s ta tement   appears   to   ho ld   as  wel l  f o r  p = 0.088. 
Fur thermore ,   the   resu l t s   ob ta ined   for  $ = 0.088 sugges t   ha t  as p i s  decreased,  
t h e  t h i c k n e s s  of t h e  p a r a l l e l - f l o w  r e g i o n  n e a r  t h e  w a l l  i s  increased ,  bu t  the  
magnitude  of v i s  i n c r e a s e d   i n  a la rge   por t ion   o f   the  flow f i e l d  o u t s i d e  
t h i s  r e g i o n  ( i . e . ,  f o r  y 2 2 .3 ) .  
Because A;k a t  a given x does  not  always  approach a cons t an t   va lue  
wi th in  the  da t a  r eg ion ,  i t  i s  impossible  to  determine displacement  thickness  
a t  a l l  x ' s .  What has  been  done i s  to   de t e rmine  65: a t  y = 5.75,  and  these 
v a l u e s   a r e  shown for   each   in   F ig .   15a ,   which  more c l e a r l y  shows how the 
s i g n  and  magnitude  of v on t h e  y = 5.75   p lane   var ies   wi th  x and p. The 
va lues  of 6+:(x = 0) are computed  from t h e  i d e a l ,  i n i t i a l  f l o w  c o n d i t i o n s ,  
and they are simply: 6*(x = 0) = 1 - $. The s lope  of the   curve  shown i n  
Fig.   15a  for  B = 0.120 impl i e s   t ha t  v i s  n e g a t i v e   f o r  0 < x 5 2 and 
4 5 x 5 7 and   pos i t i ve   fo r  2 x 5 4 and x 2 7 .  S ince   the  Mach angle  i s  
28.4' f o r  t h e  Mach 2 .10  ex terna l  a i r  f low,  any dis turbance generated a t  t h e  
in j ec t ion   s t a t ion   shou ld   no t   a f f ec t   t he   f l ow a t  y = 5.75 u n t i l  x 2 8.8.  
Hence, t h e   f a c t   h a t   c h a n g e s   i n  v occur  upstream of x = 8.8 i n d i c a t e s   t h e  
presence in  the f low of p reex i s t ing  d i s tu rbances ,  a s  were  seen  in  the  Sch l i e ren  
photograph  of  Fig.   5.   (Further  evidence  of  such  disturbances i s  discussed 
la ter . )   Approximate  values  of v between x = 20 and 30 can   be   ca lcu la ted  by 
assuming a l i n e a r   v a r i a t i o n  of 6* between  these two s t a t i o n s .  When t h i s  i s  
done,  one  finds  pv/peue = 0.049  and 0.066 f o r  p = 0.120  and 0.088, respec-  
t ive ly .   Us ing   the   va lues  of p conputed  from  the  data a t  x = 2 0 ,  the  above 
va lues  co r re spond  to  v = 85 f t / s e c  and  90 f t / s e c ,  r e s p e c t i v e l y .  
a H e r e a f t e r ,  "p = 0.120" i nd ica t e s  bo th  Se r i e s  1 and S e r i e s  2 t e s t s .  
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Retu rn ing  to  
be   in tegra ted   over  y 
Species  
ji = w i 
Energy 
t h e  t r a n s f e r  e q u a t i o n s ,  w e  f i n d  t h a t  Eqs. (2-4) can  
and then combined w i t h  Eq. (8) t o  g i v e :  
a(  JOY PUdY)/ax - a (  J; PUWidY)pX 
where   the   subscr ip t  w r e f e r s   t o  wal l  cond i t ions .  When the  requirements  
must exis t  a t  and  beyond the   t ransfer   l ayer   edges .   For   example ,   the   edge  of 
t h e   s p e c i e s   t r a n s p o r t   l a y e r  i s  given by t h e   v a l u e  of y t h a t  s a t i s f i e s  t h e  
cond i t ion :  
j i = q = T = O  are put on  Eqs. (9) t o  (11) , w e  o b t a i n  t h e  c o n d i t i o n s  t h a t  
The impor tan t   h ing   to   no te   about  Eq. (12) i s  t h a t  w = 0 i s  not a neces- 
s a r y   c o n d i t i o n   f o r   v a n i s h i n g   s p e c i e s   t r a n s p o r t .   R a t h e r ,  Eq. (12)   requi res  
on ly  tha t  changes  in  the  ax ia l  convec t ive  f lux  of the  spec ies  be  ba lanced  by 
an  equal  change  in  the  normal  convective  f lux.   Obviously,  Eq. (12 )  and t h e  
corresponding  forms  of  Eqs. (10) and  (11)  can  not  be  used  with  the  present 
d a t a ,  s i n c e  t h e  d a t a  are i n s u f f i c i e n t  f o r  m e a n i n g f u l  d i f f e r e n t i a t i o n .  How- 
e v e r ,  t o  a c c o u n t  a t  least  p a r t i a l l y  f o r  t h e  normal  convect ive f lux,  the 
assumption i s  made tha t  t he  fo l lowing  cond i t ions  a re  approx ima te ly  sa t i s f i ed  
nea r  t he  t r anspor t  l aye r  edges :  
i 
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When these  cond i t ions  are appl ied  to  the  normal  convec t ive  terms i n  Eqs. 
(9) t o  ( l l ) ,  t h e  f o l l o w i n g  c r i t e r i a  fo r  de t e rmin ing  the  t r ans fe r  l aye r  
edges  r e su l t :  
Momentum 
{ [ p / p e u e 2 ~  + I ( ~ / U , ) -  1 1 [ p ~ / p e ~ e 1 3  x =_ a o q x ) / a x  = Tw 1 PeU,2 
Equat ions   (14-16)   def ine   the   t ransfer   l ayer   edges ,   ye ,   as   the   va lues  of y 
a t  which the axial  g rad ien t  o f  an  in t eg ra l  p rope r ty  equa l s  a l o c a l ,  wall 
boundary  condi t ion.   Since  these  boundary  condi t ions are independent  of  y, 
the  va lues  of  these  in tegra ls  should  remain  cons tan t  when the i r  uppe r  limits 
are   extended beyond y . 
Species  Transfer  Layer  - The edge of t he  hydrogen  t r anspor t  l aye r  i s  simply 
the  locus  of po in t s  a t  which the mole f r a c t i o n  g o e s  t o  z e r o ,  i n  F i g .  8 ,  and 
these   va lues  of  ye are shown i n   F i g .   1 6   f o r   t h e  two va lues  of B .  For 
B = 0.120,   the   spec ies   l ayer  grows a t  a dec reas ing  ra te  f o r  x between 0 
and - 10, a f t e r  which i t  grows a t  a near ly  cons tan t  ra te ,  dye /dx  2 0.075. 
For B = 0.088,  ye i s  l a r g e r  and the  near ly   constant   growth ra te  i s  
e 
dye/dx  0.085. 
Energy  Transfer  Layer - D i s t r i b u t i o n s  o f  t h e  i n t e g r a n d  of Eq. (15 )  a re  p lo t -  
t e d  i n  F i g .  1 7 a  f o r  B = 0.088,  which i s  the  only  case f o r  w h i c h  d e t a i l  
temperature   data  are a v a i l a b l e .  It i s  seen   tha t ,   fo r   each   va lue   o f   x ,   the  
value of t he  in t eg rand  becomes e s s e n t i a l l y  e q u a l  t o  z e r o  a t  a r a t h e r  well- 
def ined   va lue  of y .  T o  demonstrate  the  importance of us ing   the   p roper  
p a r a m e t e r   t o   d e f i n e   t h e   t r a n s p o r t   l a y e r   e d g e ,   d i s t r i b u t i o n s   o f  CY(CY puH) 
are p lo t t ed  in  F ig .  17b .  It w a s  shown e a r l i e r  t h a t  i f  t h e  normal   veloci ty  
v were   neg l ig ib l e ,  CY would  be t h e   p r o p e r   q u a n t i t y   t o   u s e   f o r   i d e n t i f y i n g  
the  nergy  layer  edge. However, Fig.  17b  shows t h a t  CY does  not  approach 
a cons t an t   va lue  a t  a wel l -def ined  y .  One m i g h t   i n t e r p r e t   t h e   d i s t r i b u t i o n s  
of CY t o  mean tha t   the   energy   layer   edge   occurs  a t  t he   po in t   (g rea t e r   t han  
y = 1)  where CY reaches i t s  maximum value  immediately  fol lowing  the  region 
i n  which CY r a p i d l y   i n c r e a s e s .  When t h i s  i s  done,  however,  the  deduced 
l aye r  t h i ckness  i s  s i g n i f i c a n t l y  smaller than that  determined from the dis-  
t r i b u t i o n s  of [(H/He) - 11 (pu/peue) I The ene rgy   l aye r   t h i ckness   de t e r -  
mined  from Fig.  17a has  been plot ted In Fig.  16,  where i t  i s  s e e n  t h a t  t h i s  
l aye r  i s  a l m o s t   i d e n t i c a l   t o   t h e   s p e c i e s   t r a n s f e r   l a y e r .  (When CY i s  used 
t o  d e f i n e  t h e  e n e r g y  l a y e r ,  i t s  th i ckness  i s  more n e a r l y  e q u a l  t o  t h a t  of 
t he  momentum t r a n s f e r  l a y e r ,  w h i c h  i s  d iscussed  in  the  next  paragraph . )  
Values   o f   the   in tegra l  €IH d e f i n e d  i n  Eq. (15) were a l s o  computed  from t h e  
d a t a   f o r  @ = 0.088  and  these  are   plot ted  in   Fig.   15b.   Observe  that   he  
a x i a l  g r a d i e n t  o f  hH, which i s  conven t iona l ly  ca l l ed  the  ene rgy  l aye r  
t h i ckness ,  i s  p r o p o r t i o n a l  t o  t h e  wal l  h e a t  f l u x .  It i s  i n t e r e s t i n g  t h a t  
t h e  d a t a  show a n e a r l y  l i n e a r  v a r i a t i o n  o f  6 ~ ,  implying a c o n s t a n t  w a l l  
heat f l u x  of 4.6 Btu/sec/ft".  
Momentum Transfer  Layer  - The integrand of Eq. (16), which w e  w i l l  c a l l  
cp(x,y) f o r   b r e v i t y ,  is  p l o t t e d   i n   F i g .   1 8   f o r  @ = 0.120, x = 2 and 10, 
and f o r  f3 = 0.088, x = 10.  These d i s t r i b u t i o n s  are t y p i c a l   o f   t h o s e  com- 
puted from the data,  and they show t h e  d i f f i c u l t y  t h a t  i s  encountered when 
an at tempt  i s  made t o  d e f i n e  t h e  momentum t r ans fe r  edge  from  them, i . e . ,  
the  integrands  do  not  approach a cons t an t   va lue  a t  any  y. The e r r a t i c  
behavior of cp i s  be l i eved   due   t o   p re s su re   d i s tu rbances   i n   t he   f l ow  tha t  
obvious ly   a f fec t  cp cons ide rab ly  more t h a n   t h e y   a f f e c t   q u a n t i t i e s   r e l a t e d  
t o  h e a t  t r a n s f e r ,  a r e s u l t  t h a t  i s  genera l ly   t rue   for   shock   waves .  Hence, 
an  a l te rna t ive  approach  i s  r equ i r ed  to  de t e rmine  the  momentum layer .  For  




I t  i s  f i r s t  observed  that ,   whereas cp b e h a v e s   e r r a t i c a l l y ,   t h e   i n t e g r a l  of 
cp for   vary ing   va lues   o f   the   upper  l i m i t  y r e s u l t s  i n  r e l a t i v e l y  smooth 
d i s t r i b u t i o n s  ( t h i s  w i l l  be   demonstrated  short ly) .  However, Eq. (11) can not  
be  xpressed i n  terms of cp without   fur ther   approximation.  Hence, i t  i s  
assumed tha t  tne  normal  convec t ion  term can  be  approximated  for a l l  y as 
follows : 
ua( JOY PUdY)/aX = ue a (  J,y PUdY)/aX 
We w i l l  e v e n t u a l l y  b e  i n t e r e s t e d  i n  t h e  i n t e g r a l  o f  cp only i n  the  r eg ion  
o f  t he  t r ans fe r  l aye r  edge ,  i n  which case the approximation of Eq. (17) is  
reasonable .  It i s  a l so   obse rved ,   w i th   r e f e rence   t o  Eq. ( l l ) ,  t h a t  i t  can 
no  longer  be assumed t h a t  r = 0 holds   for   any   por t ion  of the  measured  flow, 
s i n c e  r a lso   inc ludes   the   shock-genera ted   shear  stress,  i .e . ,  r = r t  + r s ,  
where r t  i s  due to   the   tu rbulen t   mix ing   process   and  rs is due t o  shock 
waves.  Thus, w e  mus t   cons ider   the   equat ion  
Equat ion  (18)   can  be  integrated  over  x t o   g i v e   t h e   f o l l o w i n g   r e s u l t  
F(x,y) si ( T ~  - 7 )  dx = p e e  u [O(x,y) - O(0,y) l  
Th i s   equa t ion   has   t he   fo l lowing   phys i ca l   i n t e rp re t a t ion :   F i r s t ,   cons ide r  a 
f , luid  e lement  bounded  by v e r t i c a l   p l a n e s  a t  x = 0 and x and by h o r i z o n t a l  
p l a n e s   a t  y = 0 ( the  wal l )   and  y .   Then,  Eq. (19 )   exp res ses   t he   t o t a l  
shea r   fo rce   pe r   un i t  area, F ( x , y ) ,  a c t i n g  on the  element as the  change,be-  
tween 0 and x ,  of a n   i n t e g r a l  whose upper l i m i t  i s  y. A t  t h i s   p o i n t ,  i t  
might   be  argued  that ,   for  a g iven   x :  1) rs i s  independent   of   y ,   i .e . ,  
t he  shock  d i s tu rbances  have  equa l ly  a f f ec t ed  a l l  pa r t s  of t h e  f l o w  i n  a 
v e r t i c a l  p l a n e ;  and 2)  r t  >> T~ f o r  a l a rge   po r t ion  of the  mixing  region. 
Whi le  ne i ther  of these arguments i s  thought t o  b e  t o t a l l y  c o r r e c t ,  t h e y  a r e  
bel ieved to  be complementary to  the extent  that  a s i g n i f i c a n t  c h a n g e  i n  t h e  
c h a r a c t e r  of t h e   s h e a r   f o r c e   d i s t r i b u t i o n ,  F ,  e v a l u a t e d   a t  a cons t an t  x 
should  occur   in   the  region  where r t  vanishes .  Hence, i t  seems p o s s i b l e   t o  
i d e n t i f y  t h e  t u r b u l e n t ,  momentum t r ans fe r   edge   w i th   t he   va lue  of y a t  
which F changes  character.   This  approach i s  explored by p l o t t i n g   v a l u e s  
of @(x,y)   in   F ig .   19 ,   where   the   po in ts  shown are t h e  a c t u a l  v a l u e s  d e t e r -  
mined  from the   da ta .   F igure   19  shows tha t   [@(x,y)  - @(O,y)] i s  a l s o   n o t  
wel l -behaved ,   in   tha t  i t  changes  s ign  in  an  in t r ac t ab le  manner .  On t h e  
o the r   hand ,   t he   d i s t r ibu t ions  of @(x,y)  themselves are r e l a t i v e l y  w e l l -  
behaved.  Moreover, fo r   each  x there   can  be  seen a t  least two d i s t i n c t  
po r t ions  of t he  O(x ,y )  d i s t r ibu t ion ,  i n  each  of  which a wel l -def ined  var -  
i a t i o n  e x i s t s ,  and the two portions of which merge smoothly through a t r a n -  
s i t i o n  r e g i o n .  However, i n  o r d e r  t o  i d e n t i f y  a n  exact poin t  a long  a d i s t r i -  
bu t ion  cu rve ,  t he  da t a  po in t s  on bo th  s ides  of t he  t r ans i t i on  r eg ion  were  
used t o  d e f i n e  two curves that  were e x t e n d e d  t o  a n  i n t e r s e c t i o n  p o i n t .  The 
va lue  of y a t  t h i s  i n t e r sec t ion  has  been  t aken  as the  edge  of  the momentum 
t r a n s f e r   l a y e r .  It is  no ted   t ha t   fo r  some d i s t r i b u t i o n s  i n  F i g .  19 t h e r e  
i s  another  po in t  a t  which a s ign i f i can t  change  in  cha rac t e r  occu r s  ( e .g . ,  
X = 7, y = 2 ) .  Th i s  p re sumab ly  r e f l ec t s  t he  e f f ec t  of s t r o n g ,  l o c a l  d i s -  
turbances.  
The momentum layer edges determined from Fig. 19 by the procedure 
discussed  above  have  been  plotted i n  Fig.  16  f o r  t h e  two va lues  of P .  For 
B = 0.120  and f o r  t h e  r e g i o n  x > 4 ,  t h e  momentum g rowth  r a t e  dec reases  to  
a nea r ly   cons t an t   va lue  of dye/dx = 0.035 a t  x 2 10. S ince   the  momentum 
l a y e r  had an   unmeasured ,   f in i te   th ickness  a t  x = 0 due t o  i n i t i a l  boundary 
l a y e r s ,  i t  i s  n o t  p o s s i b l e  t o  s ta te  the behavior  of t h e  momentum l a y e r  f o r  
x between 0 and 4 .  It i s  noted   tha t   the   near ly   cons tan t   g rowth   ra te  of t he  
momentum l a y e r  i s  only about one-half  that  of the  cor responding  spec ies  
layer ,   which w a s  l a r g e r   f o r   a l l  x.  For P = 0.088 and x _> 10,  t he  momen- 
tum l a y e r  a g a i n  shows a near ly   cons tan t   g rowth ,   in   th i s   case   dye /dx  = 0.072. 
While t h i s  growth  ra te  i s  s t i l l  l e s s  t h a n  t h o s e  f o r  t h e  s p e c i e s  and  energy 
l a y e r s ,   t h e   r e l a t i v e   i n c r e a s e   i n  growth r a t e  due t o   t h e   d e c r e a s e   i n  B i s  
s i g n i f i c a n t l y  l a r g e r  f o r  momentum t r a n s f e r .  I n  a d d i t i o n ,  t h e  d a t a  s u g g e s t  
t h e   p o s s i b i l i t y   f o r  @ = 0.088 t h a t   t h e   t h i c k n e s s  of t h e  momenturn l a y e r  
might  even  exceed  that  of t he   spec ie s   l aye r   fo r   sma l l  x (x < l o ) ,  t h i s  
presumably being due to  increased mixing brought  about  by a l a r g e r ,  i n i t i a l  
boundary layer in the hydrogen flow. 
The l o c a t i o n s  of t h e  momentum layer edge shown i n  F i g .  19 have 
been   t r ans fe r r ed   t o   t he   co r re spond ing  cp p r o f i l e s  of Fig.  18. It can be 
seen  in  F ig .  18 tha t  t he  l aye r  edge  i s  r e l a t e d  t o  a r e g i o n  i n  w h i c h  t h e r e  
occurs a l a r g e  g r a d i e n t  i n  t h e  p r o f i l e .  I n  r e t r o s p e c t ,  one might   a t tempt   to  
u se  th i s  r e su l t  t o  de t e rmine  the  l aye r  edge  d i r ec t ly  f rom the  cp -p ro f i l e s .  
However, t h i s  was found t o  b e  d i f f i c u l t  t o  d o  f o r  t h e  f o l l o w i n g  r e a s o n s :  
1 )   i n  many cases ,   t he   h igh   g rad ien t   r eg ion   ex tended   ove r   l a rge  y d i s t a n c e s  
which made i t  d i f f i c u l t  t o  i d e n t i f y  a n  e x a c t  p o i n t  w i t h  t h e  l a y e r  e d g e ;  and 
2) i n  some c a s e s  ( n o t  p a r t i c u l a r l y  t h o s e  shown i n  F i g .  18) , the  h igh  gradien t  
r eg ion  was apparent ly  concea led  by f l o w  f i e l d  d i s t u r b a n c e s  t o  t h e  e x t e n t  t h a t  
i t  cou ld   no t   be   de f in i t e ly   i den t i f i ed .  I n  t h i s   c o n n e c t i o n ,  i t  i s  i n t e r e s t -  
i n g  t o  r e l a t e  t h e  momentum layer  edges shown i n  F i g .  19 t o  t h e  v e l o c i t y  p r o -  
f i l e s  of Fig.  1 2 .  The i m p o s s i b i l i t y  of cons i s t en t ly   de t e rmin ing   t he  momentum 
layer  edge  f rom the  ve loc i ty  prof i les  i s  obvious.  
The va lues  of O(x,y)   for  y = 5.75  have  been  plot ted  in   Fig.   15c.  
I n  t h e  a b s e n c e  of f low  dis turbance,   aO(x,y = 5.75)  /ax  would  be  proportional 
t o   t h e  wal l  s h e a r   s t r e s s ,  ' r W ,  s i n c e  y = 5.75 i s  beyond the  momentum t r a n s -  
f e r   edge ,   i n   wh ich   ca se  T t  = 0 .  Moreover,   since 'rW was always  negat ive  in  
t hese  tes ts  (no  f low  separat ion) ,   aO(x,y = 5.75)/ax would also  be  a lways 
negat ive.  However, Fig.  15c  shows, f o r  fl = 0.120, r e g i o n s   i n  which  the 
g rad ien t  of 0 and,  hence, (rw - T)  = (-rW - T ~ )  i s  pos i t ive .   Thus ,  i t  i s  
concluded i n  t h i s  c a s e  t h a t  t h e  f l o w  a t  y = 5.75 was s u b j e c t e d  t o  a pos- 
i t i v e   s h e a r   s t r e s s ,  rs, due t o  shock  dis turbances.  The dis turbances  were 
apparent ly   absent   o r   weaker   for  f3 = 0.088, a t  least  f o r  x > 10. Due t o  
the presence of  these f low dis turbances,  the data  shown in  F ig .  15c  can  not  
be  used t o  e s t i m a t e  w a l l  shea r ,  T ~ .  
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The c o n t r i b u t i o n  o f  t h e  p r e s s u r e  term t o  t h e  0 i n t e g r a l  can be 
s u b t r a c t e d  o u t  t o  g i v e  t h e  f o l l o w i n g  i n t e g r a l :  
The in t eg ra l   0 (x )   (o r  more c o r r e c t l y ,   - @ ( x ) )  i s  c o n v e n t i o n a l l y   c a l l e d   t h e  
(dimensionless) momentum thickness .   For   completeness ,   values   of   8(x,y = 
5.75) have  been  plot ted  in   Fig.   15d.  However, t h i s  i n t e g r a l  h a s  v e r y  l i t t l e  
u t i l i t y  f o r  t h e  p r e s e n t  tes ts  due t o  t h e  p r e s e n c e  of a s izable  normal  pres -  
s u r e  g r a d i e n t .  
Decay of Mass Fract ion,  Veloci ty  and Temperature  Maxima - The decay  r a t e s  
of maximum hydrogen mass f r a c t i o n  ( w a l l  v a l u e ) ,  maximum ve loc i ty  r e fe renced  
t o   i n i t i a l  j e t  v e l o c i t y ,  and maximum s t a t i c  t m p e r a t u r e  r e f e r e n c e d  t o  i n i t i a l  
j e t  s t a t i c  t e m p e r a t u r e  a r e  shown i n  F i g .  20.  The maximum mass f r a c t i o n  re- 
mains a t  1 .0  th rough  the  t r ans i t i on  r eg ion ,  t he  end of which  occurs a t  
approximately x = 8 t o  9 f o r  8 = 0,120. The d a t a   i n d i c a t e   t h a t   t r a n s i t i o n  
i s  s l i g h t l y   l o n g e r   f o r  = 0.088; however ,   the   decay   for   the   l a t te r   case  
even tua l ly  becomes l a r g e r  a t  x 2 23.  The t r a n s i t i o n   r e g i o n   f o r   v e l o c i t y  
i s  essent ia l ly  non-exis ten t ,  undoubtedly  due  to  the  inf luence  of  boundary  
l a y e r s  e x i s t i n g  i n  t h e  i n i t i a l  f l o w .  F o r  x 2 1 2 ,  t he   ve loc i ty   decay  i s  
a l s o   g r e a t e r   f o r  8 = 0.088. F i n a l l y ,   t h e   s t a t i c   t e m p e r a t u r e   a c t u a l l y   r i s e s  
and  remains  above i t s  i n i t i a l  v a l u e  f o r  a l l  x. T h i s   r e s u l t  i s  explained by 
the   i n t e rp l ay   o f   f l ow  dece le ra t ion   ( r i s ing   t empera tu re )  and wall heat 
t ransfer  (decaying temperature)  , w i t h  t h e  l a t t e r  b e i n g  t h e  c o n t r o l l i n g  
e f f e c t .  
Study of Possible Flow S i m i l a r i t y  - An i n t e r e s t i n g  q u e s t i o n  a t  t h i s  p o i n t  i s  
whether  or  not  and t o  what extent  the f low f ie ld  approaches a cond i t ion  of 
se l f - s imi la r i ty  in  the  so-ca l led  fu l ly  deve loped  f low reg ime,  a r e s u l t  t h a t  
i s  c h a r a c t e r i s t i c  of  unbounded mixing  layers .   This   quest ion is  p a r t i c u l a r l y  
impor tan t  for  the  concent ra t ion  prof i les ,  s ince  an  a f f i rmat ive  answer  would 
mean tha t   he   concen t r a t ion   f i e ld ,   and ,   hence ,   t he   ex t en t  of Hz combustion, 
could be est imated for  downstream dis tances  beyond the region of measurements. 
Moreover, i t  i s  on ly  in  the  case  of t h e  c o n c e n t r a t i o n  p r o f i l e s  t h a t  p o s s i b l e  
s c a l e  f a c t o r s  c a n  b e  e a s i l y  i d e n t i f i e d  and tes ted .   For   th i s   purpose ,   the  
fo l lowing  d imens ionless  quant i t ies  a re  def ined:  
t he   spec ie s   l aye r  
for  increments  of 
and each  va lue  of 
t h e  w a l l  value of hydrogen mass f r a c t i o n  and i s  
edge. The da ta   g iven   i n   F ig .  8 were used t o  c a l c u l a t e  w 
y = 0.5. The r e s u l t s   a r e   p l o t t e d   i n   F i g .  2 1  f o r  x 2 10 
B .  For B = 0.120,   the  dimensionless   prof i les   do  not  
('e) H2 
N 
d e f i n e  a s ing le   cu rve .  However, f o r  @ = 0.088, t h e   p r o f i l e s   a t  x = 20 and 
30 are nea r ly  iden t i ca l  and  on ly  s l i gh t ly  d i f f e ren t  f rom the  p ro f i l e  a t  
x = 10.  Moreover,   the  profile a t  x = 30 f o r  B = 0.120 i s  n e a r l y   i d e n t i c a l  
t o  t h e  $ = 0.088 p r o f i l e s .   I n   a d d i t i o n ,  i t  i s  n o t e d   t h a t   t h e   p r o f i l e s   f o r  
@ = 0.088 do not show a sys temat ic  devia t ion  f rom the  curve  drawn in  the  
f i g u r e ,  s u g g e s t i n g  t h a t  t h e  d e v i a t i o n  i s  a t  least pa r t ly  due  to  expe r imen ta l  
e r ror .   Whi le   the  number of p r o f i l e s  i s  no t   su f f i c i en t   t o   pe rmi t   b ind ing  
conclusions,  i t  appea r s  t ha t  t he  p ro f i l e s  approach  a n e a r l y  s e l f - s i m i l a r  
form a t  an x within  the  present   region  of   measurements .  If t h i s  is  accepted,  
t hen  an e x t r a p o l a t i o n   o f   t h e   c u r v e s   f o r   ( y  ) and ( ~ 0 % ) ~ ~  g iven   In   F igs .  16 
and 20, r e spec t ive ly ,  can  be  used  to  estimate c o n c e n t r a t i o n  p r o f i l e s  f o r  
x > 30. 
e %  
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Detailed probe measurements have been used to deduce the flow 
fie1.d  development  for para l le l  inject ion  of   hydrogen a t  Mach 1.19 from 
a r e c t a n g u l a r  w a l l - s l o t  i n t o  a Mach 2 . 1  a i r s t r e a m .  Two cond i t ions  of 
i n i t i a l  h y d r o g e n - t o - a i r  mass f l u x  r a t i o  were t e s t e d .  On t h e  b a s i s  of t he  
da ta  ana lys i s ,  the  fo l lowing  conclus ions  are s t a t e d :  
1) The good agreement  obtained  between  measured  total   hydrogen 
flow rates and  area- in tegra ted  mass f l u x  d i s t r i b u t i o n s  g i v e s  c o n f i -  
dence i n  t h e  e x p e r i m e n t a l  r e s u l t s .  
2 )  The turbulen t   mix ing   layer   th icknesses  grow a t  a nea r ly  
l i n e a r  ra te  beyond a downstream dis tance which,  for  the present  
t e s t  c o n d i t i o n s ,  i s  approximately 10 s l o t  h e i g h t s .  
3) Mixing  layer  growth rates fo r   spec ie s   and   ene rgy   a r e  
appa ren t ly  equa l ,  and they exceed the momentum l aye r  g rowth  r a t e .  
4 )  The l a y e r  g r o w t h  r a t e s  f o r  a l l  q u a n t i t i e s  i n c r e a s e  as 
t h e  i n i t i a l  h y d r o g e n - t o - a i r  mass f l u x  r a t i o  i s  decreased, even 
though the i n i t i a l  momentum f l u x  r a t i o  i s  maintained constant .  
The d a t a  i n d i c a t e  t h a t  t h e  e f f e c t  i s  l a r g e s t  f o r  momentum t r a n s f e r .  
5) For  downstream  distances  of  the  order  of  10  or more s l o t  
he ights ,  the  decay  rates of s p e c i e s  mass f r a c t i o n  and  ve loc i ty  
maxima increase   wi th   decreas ing  mass f l u x  r a t i o .  
6) The s p e c i e s  mass f r a c t i o n   p r o f i l e s   a p p e a r   t o   a p p r o a c h  a 
s e l f - s i m i l a r  c o n d i t i o n  a t  a downstream dis tance that  decreases  
with decreasing mass f l u x  r a t i o  and which does not exceed 30 s l o t  
he igh t s   fo r   t he   p re sen t  t es t  cond i t ions .  
7 )  The r e s u l t s  of t h i s   s t u d y   c o n f i r m   t h e   c o n c l u s i o n   t h a t ,  
i n  a v a r i a b l e  d e n s i t y ,  v a r i a b l e  p r e s s u r e  f l o w  f i e l d ,  t h e  t r a n s f e r  
layer  boundaries  must  be r e l a t e d  t o  t h e  p r o p e r  f l u x  v e c t o r s ,  
r a t h e r  t h a n  t o  f l o w  f i e l d  p r o p e r t i e s  s u c h  as veioci ty  or  temper-  
a ture .  
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Recommendations 
Recommendations  for  future  work  to  extend  and  complement  the 
present  effort  are  listed  below: 
1) To provide  additional  data  necessary  for an analytical 
solution  of  this  problem,  future  work  should  include  more  detailed 
measurements  of  the  wall-adjacent  flow  field  with  a  view  toward 
assessing  the  relevancy  of a  two-layer  flow  model. 
2)  Future  tests  should  include  a  wider  variation  of  initial 
conditions. In addition to  varying  injectant-to-freestream  mass 
flux  ratio, the  effect  of  varying  momentum  flux  ratio  should  be 
evaluated.  Measurements  should  be  taken  at  larger  downstream 
distances in order  to  fully  assess  the  attainment  of  self-similar- 
ity in the flow property  profiles. 
3 )  Eventually, tests  should  be  conducted  in  which  the  effect 
of chemical  reaction  on the  mixing  process is evaluated. 
APPENDIX 
Method of Flow F ie ld  Ca lcu la t ions  
The method used  to  deduce  f low f ie ld  proper t ies  f rom the  exper i -  
mental   data  i s  desc r ibed   he re in .  The da ta   t rea tment  i s  based on the  
following assumptions: 
(1) The experimental   probes  respond  only  to   the  axial  
motion  of  the  f low,  or,   equivalently,   the  motion 
i s  one-dimensional. 
(2 )  The s p e c i f i c   h e a t   r a t i o  i s  cons t an t  a t  y = 1.4 
f o r  & - a i r  mixtures of a rb i t r a ry   compos i t ion .  
(3) The mean flow i s  s teady.  
The s u r f a c e   p r e s s u r e   c o e f f i c i e n t ,  C p ,  of t h e   c o n e - s t a t i c -  
pressure  probe is  def ined as :  
where p i s  f r e e s t r e a m   s t a t i c   p r e s s u r e ,  pc i s  the  average of the   four  
cone-surface-pressure  measurements and M i s  Mach number. The measured 
p i t o t - p r e s s u r e ,   p t t ,  i s  in t roduced   i n to  Eq. (A-l) ,and  the  quation i s  r e -  
w r i t  t en   as  : 
Using  the  values  of p / p t t  and C p  t h a t   a r e   g i v e n   a s  a func t ion  of M 
i n  Ref. 1 2 ,  E q .  (A-2)  i s  p lo t t ed   ve r sus  M. The measured pc and pt  
are   then  used  to   determine M from t h i s   p l o t ,   a f t e r  which p i s  d e t e r -  
mined  from Eq. (A- l ) ,  which  can  a l so  be  p lo t ted  in  the  form:  
The measured & mole f r a c t i o n ,  X i s  used   t o  ca l cu la t e   t he  
mixture  molecular  weight,  m, as follows: 82, 
l7l, = 2.016 X + 28.965 ( 1  - 
H, (A-4) 
where the  molecular  weights  of  and a i r  are taken as 2.016  and  28.965, 
r e s p e c t i v e l y .  The gas   cons t an t ,  R, i s  then  given  by: 
and the & mass f r a c t i o n ,  w , i s  given  by: 
H2 
I 
I f  c o n d u c t i v e  and r a d i a t i v e  h e a t  l o s s e s  are neglec ted ,  the  
fol lowing  re la t ion  holds   between  measured  (Tt ' )   and  actual   (Tt)  
s tagnat ion  tempera tures :  
r = ( T ~ '  - T)/(T,  - T) (A-7) 
where T i s  s t a t i c   t e m p e r a t u r e  and r is  the  probe  recovery  factor  
(Ref. 13) .  I n   g e n e r a l ,  r i s  a function  of  Reynolds and Prandtl  numbers. 
However, i n  t h i s  r e p o r t  r i s  as,sumed cons t an t  a t  0.948, which i s  the   va lue  
required to give agreement between the measured and known a i r  (free-s t ream) 
s tagnat ion  tempera tures .  The ene rgy  equa t ion  fo r  ad iaba t i c  f low in  the  
form: 
T ~ / T  = 1 + (y - 1) $ / z  
i s  combined with Eq. (A-7) t o  g i v e  
from  which T i s  determined. The mixture   n tha lpy   (per   un i t   mass) ,   h ,  
i s  given by 
h = u ) ~  hk + (1 - U) ) hair 
The & and a i r  en tha lp i e s   a r e   de t e rmined   ve r sus  T from  Ref. 14. 
Jk 
(A- l o )  
The remain ing  proper t ies  a re  ca lcu la ted  f rom:  
Speed of sound d e f i n i t i o n :  u = M (ygRT)' 
Equat ion of  s ta te :  p = p/RT 
Mass f r a c t i o n  d e f i n i t i o n :  P & = W  P J& 
(A- 11) 
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6b.  7b 
6b.  7b 
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TABLE I I  
INITIAL FLOW FIELD PROPERTIES 
I 
SERIES I 1 (10" LB/FT31 
2.4.7 
10.20.30  1.54 1 Pi lPe (10-2) 4.48 4.55 2.41 
BASED ON SLOT HEIGHT, 7/32 INCH. 
SOLID WALL 
1 TRANSITION AND POTENTIAL CORE REGION  FULLY  DEVELOPED REGIONS. - 
FIG. 1 SCHEMATIC OF WALL-SLOT INJECTION FLOW 
26 
0.077 1 4 0.055 DIAMETER 
(see detai I I 
0.250 (0.219 SLOT, 0.031 LIP) 
4.503 T 
3.750 height x 
I 4.000 depth 
DIMENSIONS ARE IN INCHES 
FIG. 2 SCHEMATIC OF EXPERIMENTAL MODEL 
Fig. 3 EXPERIMENTAL MODEL  (NEAR WINDOW  FRAME REMOVED). 
r 
Fig. 4 IN-STREAM INSTRUMENTATION 
Fig. 5 SCHLIEREN  PHOTOGRAPH OF MIXING FLOW FIELD 
FIG. 6 PITOT-PRESSURE DATA 
CONE-SURFACE-PRESSURE (pia)  CONE-SURFACE-PRESSURE (psis) 
10 20 30 40 50 (x 
10 20 30 40 (x = 4) 
I I I I 
I I I I 
10 20 30 40 (x = 21 










10 20 30 
I I i 
I 30 40 Ix = 30) 
I 40 ( x  = 20) 




FIG. 7 CONE-STATIC-PRESSURE DATA 
HYDROGEN MOLE FRACTION 
0 0.2 0.4 0.6 0.8 1.0 (x = 7 or 30) 
1 I I I I 
I I I I I I 
I 
0 0.2 0.4 0.6 0.8 1.0 (x = 4 or 20) 









STAGNATION TEMPERATURE (lOOOR) 
4 
I I I 






8 10 (x = 30) 
1 I 
10 (x = 20) 
I 
- 0 = 0.088 
”
I 
FIG. 9 STAGNATION TEMPERATURE DATA 
33 
STATIC PRESSURE (psia) 
10 (x = 30) 
10 20 (x = 20)  
10 20 30 (x = 101 
10 20 30 (x = 7)  
10 20 30 (x  = 4) 
10 20 30 (x = 2) 1 
6 .  
NOTE: PRESSURE ESTIMATED IN CROSS HATCHED REGION 
(a) Ambient Tfi; 0 = 0.120 for x = 2 - 7; 0.121 for x = 10 - 30 
10 (x = 30) 
10 20 (x = 20) 
IO 20 30 (x = 10) 
(b) Ttj = 960' R; 0 = 0.088 
FIG. 10 DEDUCED STATIC PRESSURE PROFILES 
STATIC TEMPERATURE 1100'R) 
Y 
FIG. 11 DEDUCED STATIC TEMPERATURE PROFILES 
w 
ch 
VELOCITY (1000 FTISECI 
2 3 .1 5 1  2 3 4 5 
FIG. 12 DEDUCED VELOCITY PROFILES 
, . . . . .. . . " < 
HYDROGEN MASS FLUX (LBISEC-FT~) 
0 4  8  12 16 20 24 28 
RATE  DEDUCED  DIFFERENCE 
+13 






2 .  
0 
(c)  0 = 0.088 
5 
8  10  12 14 16 
HYDROGEN  FLOW  PERCENT 
X RATE  DEDUCED  DIFF RENCE 
10 0.132 
I 20  0.127 + 6  
' 30 0.108  -10 
HYDROGEN FLOW RATE MEASURED = 0.120 
- 
FIG. 13 DEDUCED HYDROGEN MASS FLUX DISTRIBUTIONS 
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1.2 1.6 (x = 10.20.30.) 
A* 
FIG. 14 NORMAL DISTRIBUTIONS OF INTEGRAL RELATED 








1.3- - - I 









FIG. 15 AXIAL VARIATION OF INTEGRAL PROPERTIES 








+ -0- SPECIES 
-*- ENERGY - 
"c "0- MOMENTUM 




0 0.2 0.4 0.6 0.8 1 .o 1.2 1.4 
puH (104BTU/FT2-SEC) 
1 2 3 4 5 
FIG. 17 NORMAL DISTRIBUTION OF QUANTITIES RELATED TO ENERGY TRANSFER 
V 
6 L ,YER :ROM EDGE ~- 




' (x = 30) 
0.4 0.8 
I I I 
1.2 
0.4 0.8 
1 I I 
1.2 (x = r n l  
0.4 
I I I 
I 1 I 
0.8 1.2 (x = 10) 
0.4 0.8 1.2 (x = 30) 
0.4 0.8 
I I I 
1.2 (x = 20) 
0.8 1.2 (x = 101 
I 1 
I 
1.2 (x = 7) 
I 
0.8 
1.2 (x = 4) 
I 
0.4 0.8 
I I I 
1.2 (x = 2) 
X - 10 - 20 
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FIG. 19 NORMAL DISTRIBUTION OF INTEGRAL RELATED TO MOMENTUM TRANSFER 
,43 
I 
FIG. 20 COMPARISON OF DECAY RATES OF MASS FRACTION, 
TEMPERATURE  AND  VELOCITY  MAXIMA. 
144 
" ~ . - . . - 
FIG. 21 A STUDY OF SIMILARITY OF MASS FRACTION DISTRIBUTIONS 
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